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BACKGROUND AND PURPOSE
Uncoupling protein-2 (UCP2) may regulate glucose-stimulated insulin secretion. The current study investigated the effects of
berberine, an alkaloid found in many medicinal plants, on oxidative stress and insulin secretion through restoration of UCP2
expression in high glucose (HG)-treated INS-1E cells and rat islets or in db/db mouse islets.

EXPERIMENTAL APPROACH
Mouse and rat pancreatic islets were isolated. Nitrotyrosine, superoxide dismutase (SOD)-1 and UCP2 expression and AMPK
phosphorylation were examined by Western blotting. Insulin secretion was measured by ELISA. Mitochondrial reactive oxygen
species (ROS) production was detected by confocal microscopy.

KEY RESULTS
Incubation of INS-1E cells and rat islets with HG (30 mmol·L−1; 8 h) elevated nitrotyrosine level, reduced SOD-1 and UCP2
expression and AMPK phosphorylation, and inhibited glucose-stimulated insulin secretion. HG also increased mitochondrial
ROS in INS-1E cells. Co-treatment with berberine inhibited such effects. The AMPK inhibitor compound C, the UCP2 inhibitor
genipin and adenovirus ucp2 shRNA inhibited these protective effects of berberine. Furthermore, compound C normalized
berberine-stimulated UCP2 expression but genipin did not affect AMPK phosphorylation. Islets from db/db mice exhibited
elevated nitrotyrosine levels, reduced expression of SOD-1 and UCP2 and AMPK phosphorylation, and decreased insulin
secretion compared with those from db/m+ mice. Berberine also improved these defects in diabetic islets and genipin blocked
the effects of berberine.

CONCLUSIONS AND IMPLICATIONS
Berberine inhibited oxidative stress and restored insulin secretion in HG-treated INS-IE cells and diabetic mouse islets by
activating AMPK and UCP2. UCP2 is an important signalling molecule in mediating anti-diabetic effects of berberine.

Abbreviations
AMPK, AMP-activated protein kinase; Ang II, angiotensin II; GLP, glucagon-like peptide; ROS, reactive oxygen species;
SOD, superoxide dismutase; UCP2, uncoupling protein-2
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Introduction

Type 2 diabetes is characterized by failures to maintain
glucose homeostasis due to impaired insulin secretion and
insulin resistance (King, 2012). Chronic exposure of beta cells
to high glucose (HG) causes detrimental effects on expression
of genes related to insulin production and content, glucose-
stimulated insulin secretion (GSIS), and mitochondrial func-
tion (Wallace et al., 2013). In addition, oxidative stress may
contribute to chronic hyperglycaemia-induced beta cell dys-
function. Acute and transient glucose-dependent reactive
oxygen species (ROS) contributes to normal GSIS in beta cells
(Pi and Collins, 2010). However, chronic and persistent eleva-
tion of ROS acts as a negative modulator of GSIS (Li et al.,
2012). The mitochondrion is one major source of intracellu-
lar ROS and the uncoupling proteins (UCPs), a superfamily of
mitochondrial anion transporters, are important natural anti-
oxidants in controlling cellular ROS homeostasis (Chan et al.,
2010). Among them, UCP2 contributes to the control of
mitochondrial ROS production, thus preventing oxidative
stress (Robson-Doucette et al., 2011). Enhanced GSIS and
increased intracellular ROS have been found in both islet cells
of UCP2-deficient mice (Zhang et al., 2001; Lee et al., 2009)
and INS-1E cells (Affourtit et al., 2011) and lean mouse islets
(Saleh et al., 2006) with UCP2 knockdown. However, back-
crossing UCP2-deficient mice for several generations onto
highly congenic background strains exhibited impaired GSIS
(Pi et al., 2009).

Berberine ([C20H18NO4]+), a constituent of many medicinal
plant extracts, improves metabolic conditions in dyslipidae-
mia, obesity and type 2 diabetes (Kong et al., 2004; Jeong
et al., 2009). Berberine reduces body weight and improves
glucose tolerance and insulin action in obese and/or diabetic
mice by activating the AMP-activated protein kinase (AMPK)
(Lee et al., 2006; Kim et al., 2009). Berberine increases
AMPK1α and UCP2 mRNA in visceral adipose tissues and
livers of high-fat diet-fed mice (Xie et al., 2011). Moreover,
AMPK stimulates UCP2 activation in endothelial cells (Xu
et al., 2011; Liu et al., 2014). Recent studies however show
contradictory results regarding the effects of berberine on
insulin secretion. Berberine enhanced insulin secretion (Ko
et al., 2005) or attenuated cAMP elevator-augmented insulin
secretion (Zhou et al., 2008) in the mouse insulinoma cell line
MIN6. Such discrepancies may be partly attributed to varia-
tions in experimental protocols, cell types and stimuli under
study. Nevertheless, the role of UCP2 in berberine-induced
beneficial effects in beta cells remains unexplored. The
present study thus aimed to investigate the mechanisms by
which berberine promoted insulin secretion in INS-1E cells
and islets, involving UCP2, under hyperglycaemic and dia-
betic conditions.

Methods

Cell culture
The rat insulinoma cell line (INS-1E) was a highly differenti-
ated and glucose-sensitive clone of parental INS-1 cells.
INS-1E cells were cultured in RPMI-1640 supplemented with
10% FBS, 25 mmol·L−1 HEPES, 2 mmol·L−1 L-glutamine,

100 U·mL−1 penicillin, 100 μg·mL−1 streptomycin, 1 mmol·L−1

sodium pyruvate and 50 μmol·L−1 β-mercaptoethanol at 37°C
and 5% CO2. Standard medium contains 11.1 mmol·L−1

glucose. Cells were seeded at 2 × 105 per well in 1 mL com-
plete RPMI-1640 in a 24-well plate for secretion assay and 1 ×
106 per well in a 6-well plate for Western blotting. Before the
experiment, the medium was replaced with serum-free RPMI-
1640 containing 0.1% BSA to starve cells. To determine the
optimal concentration of berberine, INS-1E cells were seeded
in 6-well plates, grown for 48 h and then incubated for 8 h
with HG (30 mmol·L−1) in control and in the presence of
berberine (0.1, 1, 5 and 10 μmol·L−1).

Animals and islet isolation
All animal care and experimental procedures in this investi-
gation were approved by Animal Experimentation Ethics
Committee of Chinese University of Hong Kong (CUHK) and
Peking University Health Science Center and complied with
the Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institute of Health (NIH Publica-
tion No. 85-23, revised 1996). Male db/m+ mice (12 weeks old)
and db/db mice (12 weeks old) were supplied by CUHK Labo-
ratory Animal Service Center. Male Sprague-Dawley rats (10
weeks old) were supplied by Laboratory Animal Service
Center of Peking University Health Science Center. All studies
involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010). Four
Sprague–Dawley rats, 6 db/m+ mice and six db/db mice were
used in the experiments described here.

Islets from mice and rats were isolated by distending the
pancreatic duct with collagenase. After digestion, the islets
were separated on a Histopaque density gradient and further
purified by handpicking under a stereomicroscope. Islets were
cultured in RPMI-1640 medium supplemented with 10% FBS,
penicillin (100 U·mL−1) and streptomycin (100 μg·mL−1) in
standard humidified culture conditions of 5% CO2 and 95%
O2 air at 37°C (Xu et al., 2007). After tissue culture, batches of
100 islets were further cultured in 6-well plates for 8 h under
various pharmacological conditions.

Adenoviral infection
pAd-rat UCP2 shRNA was designed and synthesized by D&H
Biosciences, Inc. (Peking, China). The target sequence for
rat UCP2 was CGTAGTAATGTTTGTCACCTA; scrambled
sequence was GCGCGCTTTGTAGGATTCG. Recombinant
virus was produced in HEK 293A cells. INS-1E cells were
infected with pAd-rat UCP2 shRNA (with red fluorescent
protein) or scramble control, using a protocol of 4 h exposure
to 6 μL of adenovirus to 6-well plate or 1.5 μL of adenovirus
to 24-well plate (1 × 108 plaque-forming units·mL−1). Four
hours after infection, cells were cultured for 36 h in RPMI-
1640 medium and then treated with HG (30 mmol·L−1) with
or without berberine for additional 8 h. Thereafter, cells were
collected for Western blotting and insulin assay. The knock-
down efficiency of UCP2 in INS-1E cells after 48 hours of
transfection was verified nearly 70%.

Western blot analysis
After treatment, INS-1E cells or islets were homogenized in
RIPA lysis buffer containing 1 μg·mL−1 leupeptin, 5 μg·mL−1
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aprotinin, 100 μg·mL−1 PMSF, 1 mmol·L−1 sodium orthovana-
date, 1 mmol·L−1 EDTA, 1 mmol·L−1 EGTA, 1 mmol·L−1

sodium fluoride, and 2 μg·mL−1 β-glycerophosphate, and cen-
trifuged at 20 000× g for 20 min at 4°C. Protein lysates (10 μg
for cells, 15 μg for islets) were separated by electrophoresis
and transferred onto immobilon-P PVDF membrane. Blots
were blocked with 1% BSA or 5% non-fat milk for 1 h and
incubated overnight at 4°C with antibodies against superox-
ide dismutase 1 (SOD1), SOD2, nitrotyrosine, phosphorylated
AMPKα, total AMPKα, UCP2 and GAPDH. After wash, blots
were incubated with HRP-conjugated swine anti-rabbit,
anti-mouse or anti-goat IgG. Immunoreactive bands were
visualized by chemiluminescence and exposed to Kodak
Image Station 440 (Brunswick, OH, USA) for densitometric
analysis.

Cell viability assay
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bro-
mide (MTT) was used to quantify cell viability. INS-1E cells
were seeded onto a 96-well plate at 2 × 104 cells per well in
100 μL of culture medium for 24 h, and then incubated
for 8 h subjected to different pharmacological treatments.
After the incubation period, 10 μL of the MTT labelling
reagent (0.5 mg·mL−1) was added to each well. The microplate
was incubated in a humidified atmosphere for 4 h and
then 100 μL of the solubilization solution was added
into each well. After incubation overnight, the ODs in the
96-well plates were determined using a microplate reader/
spectrophotometer (iMarkTM Microplate Reader from Bio-Rad,
Philadelphia, PA, USA) at a wavelength of 595 nm.

Measurement of insulin secretion
INS-1E cells were seeded in 24-well plates at a density of 2 ×
105 cells, grown for 48 h and then incubated with HG
(30 mmol·L−1) with and without berberine (5 μmol·L−1). Both
AMPK inhibitor compound C (10 μmol·L−1) and UCP2 inhibi-
tor genipin (1 μmol·L−1) were tested for their action on
berberine-induced effect on stimulated insulin release by
co-incubation for 8 h. In addition, INS-1E cells were infected
with scrambled and pAd-rat UCP2 shRNA. Thereafter, cells
were incubated for 1 h in KRB solution without glucose, sup-
plemented with 0.1% albumin and finally stimulated for 1 h
with 11.1 mmol·L−1 glucose. After the experiment, medium
was vacated and gently centrifuged at 3000 r.p.m. for 10 min
at 4°C to discard the detached cells.

The rat islets were incubated with HG (30 mmol·L−1) in
the presence or absence of berberine (5 μmol·L−1) and genipin
(1 μmol·L−1) for 8 h. The mouse islets were treated for 8 h
with berberine (5 μmol·L−1) or genipin (1 μmol·L−1). After
treatment, islets from rats and mice were also incubated
for 1 h in KRB solution without glucose, supplemented
with 0.1% albumin and finally stimulated for 1 h with
11.1 mmol·L−1 glucose. Then the islets were centrifuged at
3000 r.p.m. for 10 min at 4°C to collect the supernatant for
insulin assay.

The level of secreted insulin in the supernatant fraction
was determined by insulin ELISA kit using rat and mouse
insulin as standard, and the resulting values were normalized
to the protein content.

Mitochondrial ROS measurement
INS-1E cells seeded on glass coverslips were incubated for 8 h
with HG (30 mmol·L−1) in the presence or absence of berber-
ine (5 μmol·L−1) and individual inhibitors. They were then
incubated with a fluorescent ROS indicator MitoSOXTM

(5 μmol·L−1) for 10 min at 37°C in a chamber designed for
fluorescence imaging. Production of mitochondrial ROS
stimulated by angiotensin II (Ang II; 100 nmol·L−1) was meas-
ured by a confocal scanning unit (FV1000, Olympus, Tokyo,
Japan) at excitation 405 nm and emission 585 nm (Robinson
et al., 2008). Data were expressed as percentage change before
(F0) and after (F1) the addition of Ang II.

Data analysis
Results are shown as means ± SEM of n experiments. For
statistical analysis, Student’s t-test or two-way ANOVA followed
by Bonferroni post hoc tests were used when more than two
treatments were compared (GraphPad Software, San Diego,
CA, USA). P < 0.05 was considered as significantly different.

Materials
Cell Proliferation Kit I (Roche Applied Science, Penzberg,
Germany); Rat and Mouse Insulin ELISA Kit (ALPCO Diagnos-
tics, Salem, NH, USA); anti-phospho-AMPKα (Thr172) and
anti-AMPKα (Cell Signaling Technology, Beverly, MA, USA);
anti-UCP2 antibody (R&D Systems, Minneapolis, MN,
USA); antibody against GAPDH (Ambion, Austin, TX, USA);
HRP-conjugated swine anti-goat, anti-rabbit or anti-mouse
IgG (DakoCytomation, Carpinteria, CA, USA); immobilon-P
PVDF membrane (Millipore, Billerica, MA, USA); chemilumi-
nescence (ECL reagents, Amersham Pharmacia, GE Healthcare
Life Sciences, Buckinghamshire, UK); histopaque, collagenase,
berberine and compound C (Sigma-Aldrich Chemical, St.
Louis, MO, USA); Ang II (Tocris Bioscience, Bristol, UK); RPMI-
1640, FBS and MitoSOXTM (Invitrogen, Carlsbad, CA, USA).
Berberine, genipin, compound C and MitoSOXTM were dis-
solved in DMSO. Other drugs were dissolved in distilled water.

Results

HG-induced oxidative stress in INS-1E cells
Hyperglycaemia increases intracellular ROS formation and
causes oxidative stress (Giacco and Brownlee, 2010). The
levels of nitrotyrosine, SOD1 and SOD2 were first detected to
reflect HG-induced oxidative stress in INS-1E cells. Western
blot analysis revealed that 8 h exposure of INS-1E cells to HG
(30 mmol·L−1) elevated the nitrotyrosine content (Figures 1A
and C and 2C) and reduced the SOD1 expression (Figures 1B
and D and 2D) without modifying SOD2 level (Supporting
Information Figure S1). By contrast, mannitol as the osmotic
control did not affect the expression of nitrotyrosine and
SOD1 (Figure 1C and D). In addition, HG treatment reduced
AMPK phosphorylation and UCP2 expression (Figure 2A
and B).

Berberine reduced oxidative stress via
AMPK/UCP2 cascade in INS-1E cells
Berberine increases the AMPK activity in liver and muscle of
db/db mice (Kim et al., 2009), in mouse insulinoma NIT-1 cells
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(Shen et al., 2012) or in the H9c2 rat cardiomyoblast cells
(Chang et al., 2013). Moreover, UCP2 activation is stimulated
by AMPK in endothelial cells (Xu et al., 2011). Incubation
with berberine (0.1, 1, 5 and 10 μmol·L−1) concentration-
dependently reduced nitrotyrosine level and restored SOD1
expression in HG-treated cells (Figure 1A and B). Based on the
above observations, we chose 5 μmol·L−1 berberine for the
subsequent experiments. Berberine (5 μmol·L−1) alone did not
affect the levels of nitrotyrosine and SOD1 (Figure 1C and D),
but it normalized the HG-induced reductions in AMPK phos-
phorylation and UCP2 expression (Figure 2A and B). To elu-
cidate the role of both AMPK and UCP2 in berberine-induced
inhibition of HG-stimulated oxidative stress, we first tested
the effects of AMPK inhibitor compound C and UCP2 inhibi-
tor genipin. Both compound C (10 μmol·L−1) and genipin
(1 μmol·L−1) reversed the ability of berberine to suppress
nitrotyrosine and to increase SOD1 expression in INS-1E cells
(Figure 2C and D). Furthermore, compound C inhibited the
elevated UCP2 expression (Figure 2B) while genipin did not
affect AMPK phosphorylation in berberine-treated cells
(Figure 2A), indicating that berberine attenuates oxidative
stress likely through stimulating AMPK and subsequently
activating UCP2. We next confirmed the critical role of UCP2
by silencing UCP2 with adenovirus ucp2 short hairpin RNA
transduction (Figure 3A). Western blot analysis shows that
adenovirus ucp2 short hairpin RNA abolished the ability of
berberine to lower nitrotyrosine levels in the transfected cells
exposed to HG (Figure 3B).

Berberine inhibited mitochondrial ROS
production in INS-1E cells
The UCP2 expression was elevated by berberine (Figure 2B),
and UCP2 overexpression attenuates mitochondrial ROS pro-
duction in arteries from diet-induced obese mice (Tian et al.,
2012). We next used the fluorescence ROS indicator Mito-
SOXTM to measure mitochondrial ROS generation triggered
by Ang II in INS-1E cells. Ang II (100 nmol·L−1) acutely
elevated mitochondrial ROS in cells following 8 h exposure
to HG (30 mmol·L−1), and this elevation was reversed by
co-treatment with berberine (5 μmol·L−1). Both compound C
(10 μmol·L−1) and genipin (1 μmol·L−1) reversed the inhibitory
effect of berberine on mitochondrial ROS production
(Figure 3C and Supporting Information Figure S2A).
Adenovirus ucp2 short hairpin RNA augmented the Ang
II-stimulated mitochondrial ROS production and berberine
failed to normalize the HG-elevated mitochondrial ROS pro-
duction when ucp2 was knockdown (Figure 3D and Support-
ing Information S2B).
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Figure 1
Eight hour treatment of INS-1E cells with HG (30 mmol·L−1) elevated
nitrotyrosine (N-tyr) levels (A and C) and reduced SOD1 expression
(B and D); such effects were reversed by co-incubation with berber-
ine (BBR ;0.1, 1, 5 and 10 μmol·L−1) (A and B). Mannitol or BBR alone
did not affect N-tyr levels (C) and SOD1 expression (D). Results are
means ± SEM of four to six experiments. *P < 0.001 versus control; #P
< 0.05 versus HG; ##P < 0.001 versus HG.
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Figure 2
Eight hour treatment of INS-1E cells with HG (30 mmol·L−1) reduced
AMPK phosphorylation (A) and UCP2 expression (B), elevated nitro-
tyrosine (N-tyr) level (C) and decreased SOD1 expression (D), which
were all reversed by co-treatment with berberine (BBR; 5 μmol·L−1).
Compound C (CC; 10 μmol·L−1) abolished (1) the increased AMPK
phosphorylation, (2) the up-regulated UCP2 expression and (3) the
reduced N-tyr level in BBR-treated cells (A–C). UCP2 inhibitor genipin
(1 μmol·L−1) prevented the inhibitory effect of BBR on N-tyr content
(C). By contrast, CC and genipin did not affect SOD1 expression (D).
CC plus genipin did not cause additive benefit (A–D). Results are
means ± SEM of four to six experiments. *P < 0.001 versus control; #P
< 0.001 versus HG; †P < 0.01 versus HG + BBR.
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Berberine increased insulin secretion in
INS-1E cells
Over-production of ROS impairs islet function (Koulajian
et al., 2013; Lee et al., 2013) and decreases insulin secretion
(Li et al., 2012; Barlow and Affourtit, 2013; Zhang et al.,
2013). Thus, we measured insulin secretion in INS-1E cells.
Eight hour incubation with HG (30 mmol·L−1) reduced GSIS,
and this reduction was reversed by co-treatment with berber-
ine (5 μmol·L−1) (Figure 4A). In addition, adenovirus ucp2
short hairpin RNA significantly inhibited insulin secretion in
transfected cells (Figure 4B). Furthermore, compound C
(10 μmol·L−1), genipin (1 μmol·L−1) (Figure 4A) and adenovi-
rus ucp2 short hairpin RNA (Figure 4B) all inhibited the
stimulatory effect of berberine on insulin secretion.

Berberine inhibited oxidative stress and
restored insulin secretion in HG-treated
rat islets
Although berberine exerts protective effects against oxidative
stress in HG-treated rat insulinoma INS-1E cells, we next
explored the effects of HG and berberine in isolated rat

islets. Western blot analysis showed that 8 h exposure
to HG reduced AMPK phosphorylation (Figure 5A) and
UCP2 expression (Figure 5B), elevated nitrotyrosine level
(Figure 5C) and decreased SOD1 content (Figure 5D) in rat
islets. In addition, HG impaired GSIS in rat islets (Figure 5E).
The effects of HG were reversed by berberine (5 μmol·L−1)
(Figure 5A–E). Likewise, UCP2 inhibitor genipin (1 μmol·L−1)
also inhibited the effect of berberine on nitrotyrosine content
(Figure 5C) and insulin secretion (Figure 5E) without affect-
ing phosphorylation of AMPK (Figure 5A) or expressions of
UCP2 (Figure 5B) and SOD1 (Figure 5D).

Berberine inhibited oxidative stress and
restored insulin secretion in islets from
diabetic db/db mice
We finally examined whether berberine can also exert a ben-
eficial effect in isolated islets from diabetic db/db mice. Dia-
betic mouse islets exhibited a reduced AMPK phophorylation
(Figure 6A) and UCP2 expression (Figure 6B), an elevated
nitrotyrosine content (Figure 6C), a decreased SOD1 level
(Figure 6D) and an impaired GSIS (Figure 6E) compared with
islets of non-diabetic db/m+ mice. Eight hour treatment with
berberine (5 μmol·L−1) inhibited oxidative stress and restored
insulin secretion in db/db mouse islets (Figure 6A–E).
Co-treatment with genipin (1 μmol·L−1) reversed the effect of
berberine on nitrotyrosine content (Figure 6C) and insulin
secretion (Figure 6E). By contrast, genipin did not alter phos-
phorylation of AMPK (Figure 6A) or expressions of UCP2
(Figure 6B) and SOD1 (Figure 6D).

Discussion

The present study reveals a functional importance of UCP2 in
mediating the beneficial effect of berberine against oxidative
stress and related impairment of insulin secretion as demon-
strated in HG-treated rat insulinoma cell line (INS-1E) and rat
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control or control (scramble); #P < 0.001 versus HG or HG (scram-
ble); †P < 0.001 versus control (shUCP2) or HG + BBR.
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islets as well as in the islets from diabetic db/db mice. The
major novel findings include (1) HG exposure reduces AMPK
phosphorylation and UCP2 expression in INS-1E cells and rat
islets; (2) berberine treatment normalizes the increased level
of nitrotyrosine (a cellular oxidative stress index) and restores
the diminished expression of SOD1 in HG-treated INS-1E
cells and rat islets; (3) berberine inhibits Ang II-stimulated
mitochondrial ROS production in HG-treated INS-1E cells; (4)
berberine treatment restores the impaired insulin secretion
through activation of AMPK and UCP2 signalling in INS-1E
cells and rat islets; and (5) berberine inhibits oxidative stress
and restores insulin secretion through AMPK/UCP2 activa-
tion in the islets of diabetic mice.

Increased oxidative stress is actively involved in the
development and progression of diabetes and its com-
plications. Hyperglycaemia-related oxidative stress impairs
vascular function in association with activation of the PKC,
polyol pathway and formation of advanced glycation end
products (Lau et al., 2013; Renaud et al., 2014). Hyper-
glycaemia causes excessive ROS formation, particularly super-

oxide anions (Jay et al., 2006), and ROS overproduction is
involved in the development of beta cell dysfunction (Malin
et al., 2014). Both clinical and experimental studies show that
berberine is effective in treating the metabolic syndrome,
correcting hyperinsulinaemia, increasing insulin sensitivity
and stimulating insulin secretion through mechanisms
including triglyceride reduction, augmented secretion of
glucagon-like peptide (GLP)-2 and increased release of
GLP-1 (Lu et al., 2009; Yu et al., 2010; Perez-Rubio et al.,
2013; Shan et al., 2013). The berberine analogue, 8,8-
dimethyldihydroberberine, improved glucose tolerance and
alleviates insulin resistance in db/db mice (Cheng et al., 2010).
Most recently, berberine exerted nephroprotective and neu-
roprotective effects through inhibiting oxidative stress
(Domitrovic et al., 2013; Moghaddam et al., 2014). Consistent
with these earlier reports, the present study showed that in
vitro berberine treatment restored insulin secretion through
inhibiting HG-stimulated oxidative stress as berberine nor-
malized HG-induced elevation in nitrotyrosine level and
HG-induced reduction in SOD1 expression in INS-1E cells
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Eight hour treatment with HG (30 mmol·L−1) reduced AMPK phos-
phorylation (A) and UCP2 expression (B), elevated the nitrotyrosine
(N-tyr) content (C), decreased SOD1 expression (D), and impaired
glucose-stimulated insulin secretion (E) in isolated rat islets. Berberine
(BBR) reversed the effects of HG (A–E), whereas co-incubation with
genipin (1 μmol·L−1) inhibited the beneficial effects of BBR (C and E).
Results are means ± SEM of four experiments. *P < 0.05 versus
control; #P < 0.05 versus HG; †P < 0.05 versus HG + BBR.
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Figure 6
The reduced AMPK phosphorylation (A) and UCP2 expression (B)
elevated nitrotyrosine (N-tyr) content (C), decreased SOD1 expres-
sion (D) and impaired glucose-stimulated insulin secretion (E) in islets
from diabetic db/db mice as compared with those from db/m+ mice.
These changes in islets from diabetic db/db mice were normalized by
treatment with berberine (BBR; A–E) while co-incubation with
genipin inhibited the effects of BBR (C and E). Results are means ±
SEM of four experiments. *P < 0.05 versus control (db/m+); #P < 0.05
versus control (db/db); †P < 0.05 versus BBR (db/db).
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and in isolated rat islets. More importantly, berberine treat-
ment also normalized the elevated nitrotyrosine content,
increased the reduced SOD1 expression and restored the
impaired insulin secretion in islets from diabetic mice.

UCP2 can limit mitochondrial ROS production and thus
protects against oxidative stress (Arsenijevic et al., 2000;
Robson-Doucette et al., 2011). The increased UCP2 activity
contributes to beta cell pathogenesis and development of
type 2 diabetes (Affourtit and Brand, 2008a). Up to now,
whether UCP2 stimulates or inhibits GSIS in beta cells
remains debated (Affourtit and Brand, 2008b; Affourtit et al.,
2011; Calegari et al., 2011; Barlow et al., 2013). The present
study showed that 8 h exposure to HG increased Ang
II-stimulated acute production of mitochondrial ROS in
INS-1E cells, down-regulated the expression of UCP2 and
attenuated insulin secretion in both INS-1E cells and rat
islets. In addition, the UCP2 level was lower in islets from
db/db mice compared with those from db/m+ mice. In vitro
treatment with berberine reversed the harmful effects of HG
on the UCP2 expression, mitochondrial ROS production and
insulin release. The present results suggest a significant role of
UCP2 in controlling basal levels of mitochondrial ROS and
insulin release, as silencing UCP2 with adenovirus ucp2 short
hairpin RNA increased the un-stimulated content of nitroty-
rosine and lowered insulin concentration in the culture
medium of INS-1E cells. The present study provides novel
evidence to support a key role of UCP2 in mediating the
beneficial effects of berberine in INS-1E cells. Both the UCP2
inhibitor genipin and UCP2 knockdown reversed berberine-
induced inhibition of oxidative stress and increase of insulin
secretion in INS-1E cells. Furthermore, the UCP2 inhibitor
genipin inhibited the protective effects of berberine in both
HG-treated rat islets and db/db mouse islets, thus supporting
a critical role of UCP2 in berberine-treated INS-1E cells.

AMPK involves UCP2 activation not only in endothelial
cells (Wang et al., 2011; Xu et al., 2011) but also in beta cells
(Calegari et al., 2011; Beall et al., 2013). The present study
shows that berberine stimulated the AMPK activity which in
turn up-regulated expression of UCP2, leading to reduced
oxidative stress and improved insulin secretion in INS-1E
cells, based on the following observations. First, the AMPK
inhibitor compound C reversed berberine-stimulated AMPK
phosphorylation and UCP2 up-regulation in INS-1E cells.
Second, the UCP2 inhibitor genipin did not affect berberine-
stimulated AMPK phosphorylation in both INS-1E cells and
islets from mice or rats. Third, compound C reversed not only
the inhibitory effect of berberine on oxidative stress but also
its stimulatory effect on insulin secretion in INS-1E cells.
By contrast, neither compound C nor genipin affected
berberine-stimulated expression of SOD1, an anti-oxidant
enzyme, implying that other mechanisms rather than AMPK-
UCP2 signalling contribute to the SOD1 up-regulation, which
may also play a role in curtailing oxidative stress. In addition,
drug treatments and viral transduction did not alter cell
viability (Supporting Information S3). Taken together, the
present study adds new mechanistic insights into the anti-
diabetic properties of berberine. Berberine activated AMPK
and subsequently elevated UCP2 expression and activity to
reduce mitochondrial ROS production, which helped to
restore the HG-impaired insulin secretion in INS-1E cells and
rat islets. More importantly, berberine in vitro inhibited oxi-

dative stress and restored insulin secretion in islets from db/db
mice also through genipin-sensitive mechanisms. The novel
findings of this investigation highlight UCP2 as a useful
target for drug intervention to protect beta cell function in
diabetes.
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Figure S1 High glucose (30 mmol·L−1, 8 h) had no effect on
SOD2 level in INS-1E cells. Results are means ± SEM of four
experiments. HG, high glucose.
Figure S2 (A) Images of mitochondrial ROS production
triggered acutely by Ang II (100 nmol·L−1) in INS-1E cells
following 8 h incubation with high glucose (30 mmol·L−1) or
co-incubation with berberine (5 μmol·L−1) in the presence
or absence of compound C (10 μmol·L−1) or genipin
(1 μmol·L−1). (B) Images of Ang II-stimulated mitochondrial
ROS production when silencing UCP2 with adenovirus ucp2
short hairpin RNA or scramble control. Ang II, angiotensin II;
BBR, berberine; CC, compound C; HG, high glucose.
Figure S3 Cell viability was unaffected by 8 h incubation
with high glucose (30 mmol·L−1), berberine (5 μmol·L−1), CC
(10 μmol·L−1) or genipin (1 μmol·L−1) (A) and scramble or
shUCP2 (B). Results are means ± SEM of six to eight experi-
ments. BBR, berberine; CC, compound C; HG, high glucose.
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